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SUMMARY
The friction behavior of the semiconductors silicon and gallium arsenide
1n contact with pure metals was studied. Five transition and two nontransltlon
metals, titanium, tantalum, nickel, palladium, platinum, copper, and silver,
slid on a single crystal silicon (111) surface. Four metals, Indium, nickel,
copper and silver, slid on a single crystal gallium arsenide (100) surface.
Experiments were conducted 1n room air and 1n a vacuum of 10-' N/m2 (10~9 torr).
The results Indicated that the sliding of silicon on the transition metals
exhibited relatively higher friction than for the nontransltlon metals 1n con-
tact with silicon. There was a clear correlation between friction and Schottky
barrier height formed at the metal-silicon Interface for the transition metals.
Transition metals with a higher barrier height on silicon had a lower friction.
The same effect of barrier height was found for the friction of gallium arse-
nide 1n contact with metals.
INTRODUCTION
The physical and chemical properties of contacting materials play a dom-
inant role 1n the trlbologlcal phenomena of solids. Considerable studies have
been conducted for metal-metal contacts. Melting point and crystal structure
of metals affect the adhesive behavior (ref. 1). Friction and wear of metals
are closely related to mutual solubility of two mating metals (refs. 2 to 4).
Only a few trlbologlcal experiments for metal-semiconductor contacts, however,
have been conducted. Although the nature of surface fracture, friction and
wear were studied for silicon and germanium 1n contact with metals (refs. 5
to 7), the effects of the physical properties of the metal-semiconductor Inter-
face on trlbologlcal behavior have not been examined 1n detail.
When a semiconductor comes Into contact with a metal the surface state 1s
remarkably different from the metal-metal Interface. A barrier 1s formed by a
bending of electron band near the semiconductor surface and the nature of the
barrier height 1s one of the most Important factors 1n the characterization of
the metal-semiconductor Interface. Although 1n the first model proposed by
Schottky (ref. 8) and Mott (ref. 8) the barrier height depended on the metal
work function and the electron affinity of semiconductors, experimental
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results did not coincide with this model. For this discrepancy Bardeen
(ref. 10) put forward another explanation for semiconductor surface state.
According to his concept, the barrier height was restricted by the presence of
a Insulating surface film and 1t was almost Independent of the contacting
metal. Subsequent experiments, however, measuring the precise barrier height
at the metal-semiconductor Interface revealed that the barrier height was de-
pendent upon the metal although 1t had weaker correlation than predicted 1n
the Schottky-Mott model (refs. 11 to 19). These results Indicated that the
barrier height was compHcatedly related to chemical and physical properties
of both metal and semiconductor. The relation of the barrier height to many
factors, such as the heat of formation of metal sH1c1des (ref. 20), the
eutectlc temperature of transition metal sH1c1des (ref. 21), and the chemical
bonding of metal-silicon Interface (ref. 22), have been recently discussed for
silicon 1n contact with the transition metals.
The objective of this Investigation was to determine the effect of barrier
height at the metal-semiconductor Interface on the trlbologlcal behavior of
the semiconductor. In a recent experiment examining the doping effect for
silicon, friction behavior was sensitively affected by the P- or N-type elec-
tron state of silicon 1n contact with gold metal (ref. 6). In this paper the
friction behaviors of silicon and gallium arsenide 1n sliding contact with
pure metals 1n high vacuum and 1n room air were studied. The friction behavior
for each semiconductor 1s discussed with reference to the properties of metal-
semiconductor Interface.
MATERIALS
The semiconductors used in this experiment were silicon and qallium arse-
nide. Silicon was a single crystal plate of the (111) orientation. Gallium
arsenide was an undoped single crystal plate of the (100) orientation. Both
of the specimens were polished and the surface roughnesses were Rmax less
than 0.01 pro.
Metals used as pin specimens were pure polycrystalUne titanium, tantalum,
nickel, palladium, platinum, Indium, copper and silver. Five transition metals
11, Ta, N1, Pd and Pt, and two nontransltlon metals, Cu and Ag, slid on the S1
(111) surface parallel to the [112] crystallographic direction. Four metals,
In, N1, Cu and Ag slid on the GaAs (100) surface parallel to the [Oil] direc-
tion. The diameter of each pin specimen was 3.18 mm and the sliding surface
was hemispherical 1n shape. The sliding surface was polished with 0.3 pro
aluminum powder. Both pin and plate specimens were cleaned with ethyl alcohol
in an ultrasonic cleaner before each experiment.
EXPERIMENTAL METHOD
Two different apparatuses were used for the experiments. Both apparatuses
were pin and plate type devices. In the experiment 1n room air, load with
weights of 0.1 to 1.0 N was applied to the pin specimen. A semiconductor spec-
imen was mounted to a stage which moved 1n reciprocating motion with a 10 mm
stroke. The moving speed was 1.4 mm/s 1n both directions. In each experiment
the pin specimen slid on the same 10 mm path of the semiconductor surface 30
times 1n each direction. The experiments were conducted 1n room air and room
temperature (21° ~ 23° C, 30 ~ 35 percent relative humidity).
The apparatus used for the experiments 1n vacuum was contained 1n a vacuum
system. A pin specimen was contained on a beam projected Into the vacuum
system. The beam had two flats mounting strain gages 1n order to measure the
load and the friction force. The semiconductor specimen was mounted on a ce-
ramic block (thermal and electrical Insulator) contained at the end of a manip-
ulator beam. One surface of the block was coated with a hafnium sputtered
film 1n order to achieve sputtering and heating of the semiconductors. A
chromel-alumel thermocouple burled Just under the semiconductor specimen was
used for measuring the temperature when the specimen was heated. Load applied
by manipulating the block towards the pin was measured by a strain gage. The
load applied was 0.1 N. The pin specimen slid a single path of 12 mm stroke on
the semiconductor surface. Sliding velocity was 0.2 mm/s. The vacuum system
was a conventional vacsorb and 1on pumped system achieving a pressure of 10-?
N/m2 as measured by a nude 1on1zat1on gage.
EXPERIMENTAL PROCEDURE IN THE VACUUM SYSTEM
After the specimens were placed 1n the vacuum chamber, the system was
evacuated. The system was baked out overnight at 260° C (150° C 1n the case
of Indium pin), after which the pressure was 1n the 10~7 N/m2 range. Argon
gas was bled Into the vacuum system to a pressure of 10~^ N/m2. A 1000 V
direct current potential was applied to the specimen and 1t was sputter bom-
barded for a period of 30 m1n. Since S1 and GaAs are semiconductors, when
they were sputtered a direct current potential was applied to a hafnium sput-
tered film on the ceramic block to achieve sputtering of the specimens.
Since the argon sputter bombardment of the GaAs produces changes 1n the
Initial surface composition (refs. 23 to 25), the cleaning method of GaAs was
different from that of S1 and metals. A sputtering and annealing method was
used In the experiment with GaAs (refs. 24 and 25).
After argon gas was bled Into the system to a pressure of 10~1 N/m2, a
300 V direct current potential was applied for a period of 30 m1n. The system
was evacuated again to a pressure of 10-& ~ 10-? N/m2. The GaAs was annealed
at 520° ~ 550° C for a period of 60 m1n. The GaAs specimen was heated
Indirectly by a resistance heating of the hafnium film coated on the ceramic
block. All friction experiments were conducted with the system reevacuated to
a pressure of 10~7 N/m2 (10~9 torr).
RESULTS AND DISCUSSION
Friction With Silicon
The correlation of coefficient of friction with load for five transition
and two nontransltlon metals slid on the S1 (111) surface 1n room air are
presented 1n figure 1. In table I coefficients of friction 1n vacuum and in
room air at a load of 0.1 N are summarized. A st1ck-sl1p motion was found for
all metals slid on silicon except for the two nontransltlon metals 1n room
air. Coefficients of friction presented 1n the figure and the table are the
maximum values measured 1n each experiment. As exhibited 1n figure 1 and
table I the friction of silicon was sensitive to the contacting,metals. T1 ..
exhibited the highest friction among the seven metals.. With the other four
transition metals, friction was lower. The two nontransltlon metals, Cu and
Ag, exhibited very low friction. The Influence the metal exerted on the
friction behavior did not change when the load varied from 0.1 to 1.0 N. The
effect of load on the coefficient of friction was similar for all metals except
Ag. The friction was higher when a smaller load was applied. In vacuum the
correlation between coefficient of friction and metal was similar to that in
room air.
Silicon 1s well known to be a highly polarlzable semiconductor and 1t has
a strong chemical activity with the transition metals and forms one or more
compounds with these metals (refs. 20 and 22). These characteristics closely
relate to the formation of an Intimate contact at the Interface. Hence, the
transition metal with a high chemical affinity for silicon tends to give a
relatively high friction. Since the nontransltlon metals, on the other hand,
have low chemical activity for silicon, they do not form strong bonding at the
Interface. This characteristic resulted 1n a low friction for nontransltlon
metals 1n contact with silicon. The transition metals exhibiting a similar
chemical character toward silicon, were examined more precisely to clarify a
possible correlation of friction with barrier height.
Figure 2 Indicates the coefficient of friction 1n room air as a function
of barrier height for the transition metals on a chemically etched silicon
surface. From T1 (barrier height <|>b = 0.50 eV) to Pt ($5 = 0.81 eV), the
coefficient of friction gradually decreased with Increasing barrier height.
The same relation between barrier height and coefficient of friction in vacuum
is presented 1n figure 3 for both chemically etched and cleaved surfaces. A
sputter cleaned surface will be considered the same as a cleaved surface as
for the barrier height. However, since the measurements of barrier height on
cleaved surfaces were not completed for T1 and Ta, the results for these two
metals are not shown 1n figure 3. For three metals, N1, Pd and Pt, there was
a similar effect of barrier height with both surface preparations.
As Indicted 1n figures 2 and 3, the coefficient of friction was strongly
dependent upon the barrier height formed at the Interface. Metals with a
higher barrier height on silicon had a lower friction. There was a linear
correlation between coefficient of friction and barrier height. Since the
presence of surface films masked the genuine character of the metal-silicon
interface, the effect of barrier height was weaker 1n room air.
Figure 4 is a wear track on the silicon surface 1n sliding contact with
11 1n vacuum. The resulting strong bonding at the Interface produced many
particles adhering on the wear track (fig. 4(a)). Figures 4(b) and (c) present
enlarged micrographs of particles and T1-Ka X-ray map. The debris was not
metallic titanium but silicon particles, which had been torn off from the orig-
inal silicon surface 1n the first stage and then subsequently back-trartsfrrred
to the silicon surface. Similar silicon particles were observed on other wear
tracks on silicon 1n sliding contact with metals.
Friction With Gallium Arsenide
Figure 5 Indicates the coefficient of friction for In, N1, Cu and Ag slid
on a GaAs (100) surface 1n room air. The results of friction experiments at a
load of 0.1 N In room air and 1n vacuum are summarized 1n table III. Since a
st1ck-sl1p motion was found 1n the friction for all metals 1n vacuum and for
Indium 1n room air, maximum values are presented 1n the figure and the table.
The coefficient of friction for In was the highest among four metals. With Cu
and Ag, the frictions were lowest and there was little difference between them.
The friction was even less for all metals when the smaller load was applied 1n
room air. The Influence of contacting metal on the friction behavior of
gallium arsenide 1n vacuum was similar to that observed 1n room air.
Figure 6 Indicates the coefficient of friction 1n room air as a function
of barrier height on chemically etched gallium arsenide at loads of 0.1 and
1.0 N. The same correlation between the barrier height and the coefficient of
friction 1n vacuum 1s presented 1n figure 7. In figure 7 coefficients of
friction are plotted against both chemically etched and cleaved surfaces except
for nickel. The Influence of surface preparation on the correlation were not
different from each other. As exhibited 1n these figures the coefficient of
friction for gallium arsenide was dependent upon the barrier height. Indium
with the lowest barrier height had the highest coefficient of friction. Silver
exhibited the lowest friction as a result of the very high barrier height.
These effects of barrier height on friction appeared more clearly when the
surface films were absent from the sputtered surfaces 1n vacuum. Although the
effect of barrier height of gallium arsenide was found to be similar to that
of silicon 1n figure 3, the relation was not linear as with silicon 1n contact
with the transition metals.
Figure 8 1s a wear track on GaAs 1n sliding contact with Indium 1n vacuum.
The wear track surface of gallium arsenide was quite different from that of
silicon. The sliding surface was rough and a large quantity of particle trans-
fer was observed on the wear track (fig. 8(a)). The result of X-ray analysis
Indicated that the debris on the wear track were transferred particles of
Indium (figs. 8(b) and (c)). Since weak bonding occurred at the Interface,
very little surface fracture of gallium arsenide was observed with the other
metals sliding on gallium arsenide.
CONCLUSIONS
The sliding friction behavior of the semiconductors S1 and GaAs 1n contact
with pure metals was studied. From experiments 1n room air and 1n vacuum, the
following points are made:
(1) The coefficient of friction for the semiconductors were sensitive to
the contacting metal. In the friction of silicon, the transition metals
exhibited higher friction than the nontransltlon metals, which was directly
related to the strong chemical affinity of transition metals for silicon.
(2) With silicon 1n contact with transition metals, the friction behavior
was strongly dependent upon the barrier height formed at the Interface. A
similar effect of barrier height was found for friction of gallium arsenide 1n
contact with metals.
(3) In room air the effect of barrier height was weaker for both silicon
and gallium arsenide. The presence of surface films masked the real character
of the metal-semiconductor Interface.
In contrast to a silicon surface 1n contact with titanium, where
many silicon particles were observed on the wear track, a transfer of large
quantity of Indium was found on the gallium arsenide surface when Indium slid
on gallium arsenide 1n vacuum.
1.
2.
3.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
REFERENCES
S1korsk1, M. E.: Wear, 7, 144 (1964).
Rab1now1cz, E.: ASLE Trans., 14, 198 (1971).
DeGee, A. W. J.: The Friction of Gold-Silver Alloys Against Steel. Wear,
vol. 8, no. 2, 1965, p. 121.
Sasada, T.; Norose, S.; and M1sh1na, H.: The Behavior of Adhered Frag-
ments Interposed Between Sliding Surfaces and the Formation Process of
Wear Particles. Trans. ASME, J. of Lubrication Technology, vol. 103,
April 1981, p. 195.
Stickler, R.; and Booker, G. R.: Surface Damage on Abraded Silicon Spec-
imens. Phil. Mag., vol. 8, 1963, p. 859.
Buckley, D. H.; and Bralnard, W. A.: Adhesion and Friction of Iron and
Gold 1n Contact with Elemental Semiconductors. NASA TN D-8394, Jan. 1977.
H1sh1na, H.; and Sasada, T.: M1ld Wear Occurring In Pure
Metal/Semiconductor Rubbings. Proc. 25th Japan Congress on Materials
Research, The Society of Materials Science, Japan, 1982, p. 139.
Schottky, W.: Zur Halble1tertheor1e der Sperrsch1cht-und
Sp1tzengle1chr1chter. Zelts. Physlk, vol. 113, 1939, p. 367.
Mott, N. F.: The Theory of Crystal Rectifiers. Proc. Roy. Soc. (London),
vol. A171, 1939, p. 27.
Bardeen, J.: Surface State and Rectification at a Metal Semi-Conductor
Contact. Phys. Rev., vol. 71, no. 10, 1947, p. 717.
Cowley, A. M.: T1tan1um-S1l1con Schottky Barrier Diodes. Solid State
Electronics, vol. 13, 1970, p. 403.
Landkammer, F. J.: Barrlerenhohen von Metall-Halblelterkontakten. Solid
State Commun., vol. 5, 1967, p. 247.
Ja'ger, H.: and Kosak, W.: Die Metall-halble1ten-kontaktbarr1eren der
Metalle aus des Neberngruppe I und VIII auf S1l1z1um und Germanium. Solid
State Electronics, vol. 12, 1969, p. 511.
Turner, M. J., and Rhoderlck, E. H., Solid State Electron., 11, 291
(1968).
Hlrose, M.
Archer, R.
Surfaces.
, Altaf, N. and Arlzuml, T., Jap. J. Appl. Phys. 9, 260 (1970).
J.; and Atalla, M. M.: Metal Contacts on Cleaved Silicon
Ann. N. Y. Acad. Sc1., vol. 101, 1963, p. 697.
Selrangan, G. B.; and Tkhorlk, Y. A.: On the Schottky Barrier Height of
Metal-GaAs System. Phys. Status Sol1d1. Vol. A13, 1972, p. K115.
Smith, B. L.: The Effect of Surface Treatment on Gallium Arsenide
Schottky Barrier Diodes. Ph.D. Thesis, Manchester University, 1969.
SpHze, W. G.; and Mead, C. A.: Barrier Height Studies on Metal
Semiconductor Systems. J. Appl. Phys., vol. 36, 1963, p. 3061.
20. Andrews, J. H.; and Phillips, J. C.: Chemical Bonding and Structure of
Metal-Semiconductor Interfaces. Phys. Rev. Lett., vol. 35, no. 1, 1975,
p. 56.
21. Ottav1an1, G.; and Tu, K. N.: Interfadal Reaction and Schottky Barrier
Mn Metal-Silicon Systems. Phy. Rv. Lett., vol. 44, no. 4, 1980, p. 284.
22. Ho, P. S. Chemical Bonding and Schottky Barrier Formation at Transition
Metal-SIHcon Surfaces. J. Vac. Sc1. Technol., vol. Al, no. 2, 1983,
p. 745.
23. McGuIre, G. E.: Effects of Ion Sputtering on Semiconductor Surfaces.
Surface Science, vol. 76, 1978, p. 130.
24. Mark, P.; Planetta, P.; Llndau, I.; and Splcer, W. E.: A Comparison of
LEED Intensity and Data from Chemical Polished and Cleaved GaAs (110)
Surfaces. Surface Science, vol. 69, 1977, p. 735.
25. KUbler, B.; Ranke, W.; and Jacobl, K.: LEEO and AES of Sto1ch1ometr1c
and Arsen1c-R1ch GaAs (110) Surfaces Prepared by Molecular Beam Epitaxy.
Surface Science, vol. 92, 1980, p. 519.
TABLE I. - COEFFICIENT OF
FRICTION FOR METALS SLID
ON SILICON IN VACUUM AND
ROOM AIR, LOAD 0.1 N
Metal
Titanium
Tantalum
Nickel
Palladium
Platinum
Copper
Silver
In vacuum,
10~7 N/m2
7.3
6.7
5.2
4.0
3.2
3.0.
3.1
In room air
0.73
.68
.60
.41
.30
.25
.22
TABLE II. - COEFFICIENT OF
FRICTION FOR METALS SLID
ON GaAs IN VACUUM AND
ROOM AIR, LOAD 0.1 N
Metal
Indium
Nickel
Copper
Silver
In vacuum,
10-7 N/m2
3.2
1.3
1.0
0.91
In room air
0.38
.23
.18
.17
oC
.8
.6
ri <j^ ^ ~
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u
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Figure 1. - Coefficient of friction versus load for
metals slid on Si (111) surface in room air,
v = 1.4 mm/s.
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Figure 2. - Relationship between coefficient of fric-
tion and barrier height for transition metals on
chemically etched Si surface [11-15] in room air,
P • 0.1 and l.ON, v -1.4mm/s.
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Figure 3. - Relationship between coefficient of friction
and barrier heiqht for transition metals on etched
(0) [11-15] and cleaved (X)[16] Si surface in 1Q-7
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Figure 5. - Coefficient of friction versus load for
metals slid on GaAs (100) surface in room air,
v = 1.4mm/s.
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Figure 6. - Relationship between coefficient of fric-
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Figure 7. - Relationship between coefficient of friction
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